The present study examined social status and adult neurogenesis in the naked mole rat. These animals live in large colonies with a strict reproductive dominance hierarchy; one female and 1-3 males breed, while other members are subordinate and reproductively suppressed. We examined whether social status affects doublecortin (DCX; a marker for immature neurons) immunoreactivity in the dentate gyrus, piriform cortex (PCx), and basolateral amygdala (BLA) by comparing breeders to subordinates. We also examined subordinates removed from their colony and paired with opposite-or same-sex conspecifics for 6 months. Breeders had reduced DCX immunoreactivity in all areas, with BLA effects confined to females. Effects of housing condition were region-specific, with higher PCx DCX immunoreactivity observed in oppositethan same-sex paired subordinates regardless of gonadal status. The opposite pattern was observed in the BLA. Future work will clarify whether findings are attributable to status differences in stress, behavioural plasticity, or life stage.
Social interactions can have striking effects on physiology, behaviour, and brain plasticity. While the effects of social interactions on neuronal activation, neurotransmitter release, and receptor distribution have been well-established (E.g., Matsuoka et al., 2002; Pfaus & Heeb, 1997; Flanagan-Cato et al., 2006; Cushing & Wynne-Edwards, 2006 ) , their influence on neurogenesis is less clear (Lieberwirth and Wang, 2012) . Adult neurogenesis is the birth of new neurons, which continues postnatally and into adulthood in the brains of several mammalian species, including humans. New cells integrate into hippocampal and olfactory circuits, leading to enhanced synaptic plasticity (Nissant et al., 2009) , increased responsiveness to stimuli (Magavi et al., 2005) , and improved learning and memory processes (Shors et al., 2001; Snyder et al., 2005; Winocur et al., 2006; Deng et al., 2009; Rochefort et al., 2002; Sultan et al., 2010) .
Pioneering work on adult neurogenesis centered on song learning in birds (Goldman and Nottebohm, 1983; Paton and Nottebohm, 1984) , suggesting a role for adult-born neurons in the support of socially-relevant behaviours. Despite this connection, relatively sparse research has addressed the functional and regulatory relationships between adult neurogenesis and social behaviour.
Adult Neurogenesis
Work on the timing and sequence of postnatal neurogenesis was piloted by Joseph Altman, who proposed in 1962 that new cells are born within the mature CNS. Using tritiated thymidine, a nucleotide taken up by cells synthesizing DNA prior to cell division, Altman and colleagues observed that new cells are produced predominantly in the hippocampal dentate gyrus (DG) and subventricular zone (SVZ) of the mature mammalian brain (Altman, 1963; 1969; Altman & Das, 1965a; Altman & Das, 1965b) . Evidence for adult neurogenesis in other vertebrate species accumulated over the next three decades, but most of what we know about neuronal production in the postnatal brain comes from autoradiographic studies of traditional laboratory rodents. This body of work revolutionized our conception of the developing brain and the degree of plasticity that can be induced by experience.
Within the SVZ, ependymal cells and astrocytes continue to self-renew throughout life (Chiasson et al., 1999) . Guided by the flow of cerebrospinal fluid, the vast majority of SVZ-born neuroblasts travel along the rostral migratory stream to the olfactory bulb (OB), where they differentiate into granule and periglomular interneurons (Doetsch et al., 1997; Sawamoto et al., 2006) . By contrast, cells born from progenitors in the SGZ travel only a short distance to the adjacent granule cell layer (GCL), where they mature into granule cells and restructure the area according to the current environment. This process can be modified at several stages, including progenitor proliferation, neural differentiation, maturation, and integration into functional neural networks (Ming and Song, 2005) , with clear ramifications for cognitive processing and responding.
Social Control of Adult Neurogenesis
Research conducted to date on neurogenesis and social variables has been dominated by two approaches. One line of research highlights how distinct aspects of social life (E.g., sexual encounters, gestation, parenthood, and chemosensory cues conveying the sex, status and health of conspecifics) regulate the birth, fate, and integration of adult-born neurons. For example, mating encounters or exposure to opposite-sex chemosensory cues up-regulate cell proliferation in the rodent DG and SVZ (Smith et al., 2001; Larsen et al., 2008; , as well as the survival and differentiation of newborn neurons in the DG and olfactory bulb (OB) (Baudoin et al., 2005; Mak et al., 2007; Larsen et al., 2008; Oboti et al., 2009; Corona et al., 2011) .
Conversely, aversive interactions with dominant and aggressive conspecifics reduce cell proliferation and survival in the DG, suggesting that hippocampal neurogenesis is sensitive to status and social threat cues (Gould et al., 1997; 1998; Czeh et al., 2001; Van der Hart et al., 2002; Kozorovitskiy and Gould, 2004; Mitra et al., 2006; Simon et al., 2005; Yap et al., 2006; Czeh et al., 2007 , Thomas et al., 2007 van Bokhoven et al., 2011) .
A second approach highlights the functional role of adult neurogenesis in social processing and responding. Disrupting neurogenesis within the DG inhibits stress-induced social avoidance (LaGace et al., 2010) , while disturbing SVZ proliferation impairs the detection and discrimination of opposite-sex odors (Feierstein et al., 2010) . Likewise, ablating neurogenesis within the SVZ eliminates the ability of female mice to discriminate between mating partners and unfamiliar males (Oboti et al., 2011) as well as between dominant and subordinate mating candidates, with clear ramifications for reproductive success (Mak et al., 2007) . Rather than emphasizing proliferative activity within the SVZ, Huang and Bittman (2002) explored the functional contributions of neo-neurogenesis in the OB. Three to seven weeks after BrdU treatment, adult male hamsters given access to an oestrus female had coexpression of BrdU and c-Fos in the OB, suggesting that newborn olfactory neurons are incorporated into sexual circuits.
In a subsequent experiment, newborn cells in the main and accessory OB, but not amygdala, medial preoptic area, or bed nucleus of the stria terminalis, were activated by sociosexual stimuli (Huang and Bittman, 2002) . Colocalization of BrdU and c-Fos was observed after exposure to an oestrus female and female vaginal secretions, but activation was more widespread following exposure to an oestrus female. Collectively, these findings demonstrate that cues from multiple sensory modalities are required for the activation of adult-born OB neurons, and support a role for newborn olfactory neurons in socio-sexual processing.
Gonadal Control of Adult Neurogenesis
Social interactions are subserved by a host of neuro-hormonal processes which may mediate socially-induced changes in cell proliferation/survival. Interest in gonadal regulation of adult neurogenesis was initially piqued by reports of sex differences in hippocampal neurogenesis.
Indeed, a growing body of research suggests that hippocampal cell proliferation is greater in females than males, and that this bias is tightly coupled to reproductive status. For example, female meadow voles show higher levels of hippocampal cell proliferation than adult males, with differences confined to the nonbreeding season (Galea and McEwen, 1999) . Likewise, a female bias in hippocampal cell proliferation emerges when female rats enter proestrus . By contrast, cell survival favouring males has been documented in the hippocampus and anterior OB of adult rats Peretto et al., 2001) . Given that reproductively active meadow voles of both sexes have higher levels of cell survival than nonreproductively active animals, exposure to gonadal hormones may enhance cell survival in males and females alike (Ormerod and Galea, 2001; . Collectively, those few studies that have explored cell proliferation/survival in both males and females suggest that adult neurogenesis is sexually dimorphic, with differences dictated, at least in part, by gonadal hormone exposure.
Estrogens can strikingly influence cell proliferation and survival, though effects vary with the sex and species of subject, as well as proliferative zone examined. Most work on estrogens and neurogenesis has been done with estradiol, a potent estrogen synthesized in the ovaries, adrenal glands, brain, and Leydig cells of the testis (Grodin et al., 1973; MacDonald et al., 1979; GarcieSegura et al., 1999) . In line with the presence of estrogen receptor alpha and beta in the dentate hilus and GCL respectively (Blurton-Jones et al., 2004) , the female bias in hippocampal cell proliferation may depend on estradiol, with suppressed proliferation seen immediately after ovariectomy . Further, the ability of estradiol to mediate neurogenesis appears to vary with sex. While estradiol stimulates hippocampal cell survival at all stages of cell maturation in females, effects in males are confined to the 'axon extension phase' (Ormerod et al., 2004) . Estradiol also affects olfactory neurogenesis, though its influence may be modulated by social factors or other gonadal hormones, such as progesterone. Smith et al. (2001) observed an increase in SVZ and OB proliferation in oestrus prairie voles exposed to a male behind a mesh fence. In line with the presence of estrogen receptors in the SVZ (Fowler et al., 2005) , this socially-induced surge in proliferation was not observed in ovariectomized females, and was rescued by estradiol treatment. Interestingly, estradiol administration in isolation does not exert an effect on SVZ proliferation (Hnatczuk et al., 1994) . Taken together, results demonstrate that social interaction or opposite-sex chemosensory cues are required for estradiol to influence olfactory, but not hippocampal, neurogenesis.
The exact influence of progesterone on adult neurogenesis is not currently known, but mounting evidence suggests that its effects are limited, serving mainly to mediate the neurogenic effects of estradiol. While no research to date has addressed the impact of progesterone on olfactory neurogenesis, it has been shown to enhance cell proliferation in vitro . By contrast, estradiol-induced cell proliferation in the dentate gyrus of adult female rats is knocked down when high levels of estradiol are followed by elevations in progesterone (Tanapat et al., 2005; Galea et al., 2008) . The independent effects of progesterone on neurogenesis have not been examined in females but, in males, progesterone does not appear to impact hippocampal cell proliferation (Zhang et al., 2010) . Instead, and in contrast to the neurosuppressive effects observed in females, exogenous progesterone enhances cell survival and potentiates learning and memory in adult male mice (Zhang et al., 2010) .
More research has addressed neurogenesis and androgens, such as testosterone and dihydrotestosterone, which are synthesized in the Leydig cells of the testis, brain, and adrenal cortex (Baulieu et al., 1977; Bon-Chu and Meng-Chun, 2002) . Although androgen receptors are expressed by in vitro populations of SVZ-derived neural stem cells (Brannvall et al., 2005) , the impact of androgens on olfactory neurogenesis is not presently known. By contrast, a substantial body of work indicates that androgens upregulate adult hippocampal neurogenesis. In male meadow voles, hippocampal neurogenesis is enhanced during the breeding season, when androgen levels are high. These effects appear to be specific to cell survival, as comparable levels of hippocampal cell proliferation are observed in reproductively active and inactive males . By the same token, castration suppresses cell survival in the hippocampus of adult male rats, with no notable effects on proliferation (Spritzer and Galea, 2005) . Finally, chronic testosterone administration enhances cell survival in the hippocampus of castrated male rats (Spritzer and Galea, 2007) , and HVC of female canaries (Rasika et al., 1994) .
Whether androgens exert their effects on hippocampal progenitors directly or indirectly via interaction with trophic factors is not presently known, but androgen-induced increases in cell survival appear to be conserved across sexes and species
Neurogenesis in Noncanonical Neurogenic Regions
Although most studies of adult neurogenesis have focused on the DG and SVZ/OB, there is accumulating evidence that SVZ-derived neuroblasts migrate to other brain regions. These include the piriform cortex (PCx; Bayer, 1986; Bernier et al., 2002; Shapiro et al., 2007a ; Klempin et al., 2011 ), neocortex (Dayer et al., 2005 , amygdala (Bernier et al., 2002; Fowler et al., 2002) , and striatum (Bedard et al., 2006) . Indeed, neurons are added to the PCx and basolateral amygdala (BLA) at a rate that is concomitant with the production of OB neurons (Bernier et al., 2002) . The PCx receives input from the OB and sends efferents to the hippocampus, thereby serving as a relay station for the two canonical neurogenic regions of the adult rodent brain. The survival and differentiation of new PCx neurons is up-regulated by olfactory enrichment (Shapiro et al., 2007b) . Furthermore, the BLA has been shown to regulate hippocampal neurogenesis and fear-related activation of newborn neurons (Kirby et al., 2011) .
Collectively, these findings suggest that new neurons in the PCx and BLA contribute to the stability and plasticity of the limbic system, making them putative targets for social manipulations.
The Naked Mole-rat: A Eusocial Mammal
The naked mole-rat (Heterocephalus glaber) is an ideal model system for studying the neurobiology of social behaviour. They exhibit the most striking example of eusociality among mammals and live in large subterranean colonies characterized by a rigid behavioural and reproductive hierarchy. Colonies typically range in size from 60 to 80 individuals where only a single dominant female (the queen) and one to three dominant males reproduce (Jarvis, 1981) .
All other colony members are socially subordinate and kept sexually suppressed through antagonism by the queen (Faulkes et al., 1990a) . For males, reproductive suppression entails lower levels of urinary testosterone and plasma luteinizing hormone (LH) in subordinates than breeders, small testis, and blunted LH release in response to exogenous gonadotropin releasing hormone (GnRh). While gametogenesis does occur in some subordinate males, rates are low and sperm are nonmotile (Faulkes et al., 1991; 1994, Faulkes and Abbott, 1991; Clarke and Faulkes, 1998; Zhou et al., 2013) . For females, sexual repression is more pronounced, and ovulation is suppressed completely. In addition to an imperforate vagina and underdeveloped ovaries, subordinate females display lower levels of circulating testosterone, progesterone and LH, as well as a less profound LH response to GnRh than queens (Faulkes et al., 1990a; 1990b; 1991; Jarvis, 1991) . By contrast, status differences in female estradiol levels have not been detected previously (Zhou et al., 2013) . Whether this finding reflects extra-gonadal sources of estradiol, or sampling across the reproductive cycle remains to be determined.
Though less than 1% of subordinate naked mole-rats ever attain breeding status (Jarvis et al., 1994) , subordinates that are removed from their natal colonies and paired with an opposite-sex conspecific will often become breeders and start their own colony. Within 5 to 8 days of pairing, females commence ovarian cyclicity and show a surge in circulating progesterone, while testosterone and LH levels are enhanced in males (Faulkes & Abbott, 1993) . Likewise, colonyhoused subordinates may become breeders if sexual suppression is lifted by a former breeder's death or removal (Margulis et al., 1995; Clarke and Faulkes, 1997) . Though pronounced alterations in neural and endocrine functions accompany the change (Faulkes et al., 1990a; Margulis et al., 1995; Clarke and Faulkes, 1997; Seney et al., 2006; Holmes et al., 2008; Holmes et al., 2011; Mooney and Holmes, 2013) , many or all subordinates are capable of transitioning to breeding status under the appropriate social conditions. This striking behavioural and physiological plasticity displayed by otherwise mature subordinates makes the naked mole-rat a prime candidate for the study of adult neurogenesis.
The Present Study
The present research examined the influence of social and gonadal variables on adult neurogenesis in the naked mole-rat. New neurons were identified and characterized using doublecortin (DCX) immunohistochemistry, a microtubule-associated protein expressed during periods of neuronal migration and differentiation. DCX was selected in order to avoid caveats associated with exogenous DNA synthesis markers such as BrdU and 3 H-thymidine (E.g., toxicity/dose, blood-brain barrier permeability, double labeling for neuronal differentiation/survival). By comparing DCX expression in dominant breeding animals and subordinate non-breeding workers from intact colonies, I examined whether sex or social/reproductive status more profoundly impact adult neurogenic potential. Further, by evaluating doublecortin expression in subordinates that had been removed from their colony and paired with an opposite-or same-sex conspecific, I clarified the effects of social opportunity and social competition on adult neurogenesis. Lastly, in order to tease apart effects of gonadal activation and opposite-sex social/sensory cues, DCX expression was evaluated in intact and gonadectomized subordinates that had been housed with an opposite-sex conspecific. To accomplish this, naked mole-rats were sacrificed after a 6-month social manipulation, brains were collected, and tissue was processed for neurogenic activity in the DG, PCx, and BLA.
Given that neural regions found to be sexually dimorphic in other mammals are monomorphic in naked mole-rats (Peroulakis et al., 2002; Holmes et al., 2007) , we predicted that previously characterized sex differences in neurogenesis would be reduced or absent. In addition, as behavioural and gonadal hormone profiles are more divergent for breeders and subordinates than male and female naked mole-rats, we hypothesized that DCX expression would vary with social status. In line with prior research demonstrating a neurogenic advantage for dominant versus subordinate individuals (Gould et al., 1997; 1998; Czeh et al., 2001; Van der Hart et al., 2002; Kozorovitskiy and Gould, 2004; Mitra et al., 2006; Simon et al., 2005; Yap et al., 2006; Czeh et al., 2007 , Thomas et al., 2007 van Bokhoven et al., 2011) , and reproductively active versus inactive animals , we predicted that breeding naked mole-rats would demonstrate higher DCX expression than subordinates. Finally, we expected that DCX
Methods

Animals and Experimental Design
Naked mole-rat colonies were maintained at the University of Toronto Mississauga in polycarbonate tubs (with Plexiglas™ lids) containing corncob bedding and connected by lengths of acrylic tubing. Animals were fed ad libitum on a diet consisting of sweet potato and 19%
protein mash, and colonies were maintained on a 12:12 light/dark photoperiod in a temperature and humidity-controlled room (28-30°C/50% RH). All animal procedures were approved by the University of Toronto Animal Care Committee and conducted in accordance with federal and institutional guidelines.
Naked mole-rats used in this study were also from a previous report (Mooney and Holmes, 2013) . Subjects were dominant breeding adults between three and nine years of age, weighing 38 to 79 g, and subordinate adults between two and three years of age, weighing 33 to 79 g. As naked mole-rats typically reach adult body size within one year, can live for over 30 years in captivity, and do not show signs of aging well into their third decade (O'Riain and Jarvis, 1998; Buffenstein, 2005) , the experimental animals were all young-aged adults. Subordinates were randomly assigned to four experimental groups: (1) Gonadally-intact and colony-housed (SUB; 6 male, 7 female), (2) gonadally-intact and pair-housed with a same-sex unfamiliar subordinate (SS; 6 male, 6 female), (3) gonadally-intact and pair-housed with an opposite-sex unfamiliar subordinate (OS; 7 male, 6 female), and (4) gonadectomized and pair-housed with an oppositesex unfamiliar subordinate (GDX; 7 male, 7 female). All Breeders (n= 9; 4 male, 5 female) were gonadally-intact, and remained in their natal colonies for the duration of the experiment. Pairhoused animals were maintained in-colony prior to the experiment's initiation, at which time GDX animals were removed for surgery (see Mooney and Holmes, 2013) and allowed to recover. Then, all pair-housed animals were transferred to individual polycarbonate tubs with their appropriate cage mate and were maintained in their respective housing conditions for six months.
Histological Processing
Animals were overdosed with avertin (40mg/100g) and brains were extracted, immersion fixed in 4% paraformaldehyde for 2 h, then transferred to 30% sucrose in phosphate buffer for at least 24 h. Thirty μm coronal slices in 4 series were taken using a freezing microtome and stored in 
Quantification
As the tissue used in this study was initially collected and processed in order to compare hypothalamic protein expression (Mooney and Holmes, 2013) , anterior and posterior tissue was not available for all animals. Therefore, we were unable to quantify DCX expression in the SVZ/OB and ventral DG. DCX labeling was assessed throughout the rostrocaudal extent of the dorsal DG, PCx, and BLA. For the dorsal DG, DCX(+) cell bodies were counted in the hilus, subgranular zone (SGZ), and granule cell layer (GCL) (Figs 1 & 2) . For the PCx, the pattern of DCX label depended on cortical layer. No label was present in layer 1, DCX(+) cell bodies were present in layer II, and scattered DCX(+) cell processes were seen in layer III (Fig 2) . As a result, the number of DCX(+) cell bodies was counted in PCx layer II, while the number of DCX(+) cell processes was counted in layer III. Due to dense DCX(+) label in the BLA for some animals (Fig 2) , individual cells could not be reliably identified. Therefore, immunoreactivity in this region was quantified as total labeled surface area using Image J (NIH). Stereological assessment was not possible for the DG as the extent of usable tissue varied between subjects. To account for differences in tissue availability, the total number of DCX(+) cells within the dorsal cells per section was obtained. For the purpose of consistency, the same calculation was applied to the PCx and BLA.
Data Analyses
Two-way ANOVAs were used for statistical comparison of DCX expression within the dorsal DG, layers II and III of the PCx, and the BLA. Independent variables for each ANOVA included group (Breeders, SUB, SS, OS, and GDX) and sex. The a priori goals of this study were twofold: (1) to directly compare subordinates and breeders, and (2) to disentangle the effects of conspecific exposure and mating experience on subordinates removed from the colony.
Therefore, differences between subordinates and breeders, as well as differences among pairhoused animals, were evaluated using Fisher's Least Significant Difference (LSD). The data are reported as mean +/-SEM and results were considered significant if p < 0.05.
Results
DCX Expression in the Dentate Gyrus
DCX labeling in the DG revealed immature neurons predominately located in the SGZ (Fig 1) .
Main effects of group on DCX(+) cells in the SGZ (F(4,53)= 2.714, p= .039) and GCL (F(4,53)= 2.679, p= .042) were detected (Fig 3) . In the SGZ, DCX labeling was lower for Breeders compared to all other groups (all ps <0.05) while only the breeder/subordinate difference was found in the GCL (p < .05). No effect of group was observed in the hilus (p > .05; Fig 3) and no effects of sex or group x sex interactions were detected in any DG subregion.
DCX Expression in the Piriform Cortex
A total of four animals were excluded from PCx and BLA analyses because of damage to the areas of interest.
Two-way ANOVA revealed a significant effect of group on the number of DCX(+) cells per section in PCx layer II (F (4,49)= 10.268, p< .0001; Fig 4) . Post-hoc comparisons indicated that the DCX labeling within this region was significantly lower for Breeders than all other groups (ps < .05). SS-paired subordinates displayed fewer DCX(+) cell per section than intact OS-paired and GDX OS-paired animals, whereas in-colony SUBs differed only from the intact OS group (ps < .05). Post-hoc analyses did not reveal a significant difference between intact OS-paired subordinates and GDX OS-paired subordinates (ps > 0.05).
The significant effect of group extended to layer III of the PCx (F (4,49)= 6.899, p= .0002; Fig   4) . Post-hoc tests confirmed that Breeders showed fewer DCX(+) processes per section than SUB and OS groups, with SUB animals displaying lower DCX expression than SS and GDX group (ps < .05). As with layer II, OS-paired animals showed greater DCX labeling than SSpaired individuals (p < .05). Neither sex nor interaction effects were observed in layer II or III of the PCx.
DCX Expression in the Basolateral Amygdala
While a two-way ANOVA on DCX expression in the BLA did not reveal a significant effect of group, a significant group x sex interaction was observed (F (4,49)= 2.745, p= .039). When the data for females were analyzed independently, a significant effect of group emerged (F (4,24)= 4.866, p= .005; Fig 5) . Post-hoc comparisons revealed lower DCX expression for Breeders than SUB, as well as SS and GDX animals (ps < .05). Among out-of-colony groups, SS-paired animals displayed higher measures of DCX staining than the OS group (p < .05). Among males, no group differences were observed (ps > .05; Fig 5) .
Discussion
Summary
Our results demonstrate that breeding naked mole-rats have significantly fewer immature (DCX+) neurons in the DG and PCx compared to socially subordinate individuals. Breeders also had fewer DCX+ cells than subordinates that were removed from their colonies and paired for a six-month period. Although this effect of status extended to the BLA, it was only seen in females, with colony-housed subordinate females displaying more DCX labeling than queens.
Among paired groups, the effects of same-versus opposite-sex housing were region-specific. Though no effect of housing condition was observed in the dorsal DG, DCX immunoreactivity in the PCx was higher for opposite-than same-sex pair-housed subordinates, with the opposite pattern observed in the BLA. DCX expression was comparable in intact and GDX opposite-sex paired animals, speaking to a larger role for social than gonadal factors in control of adult neurogenesis. Additional work will clarify whether group differences represent socially induced alterations in cell proliferation or neuronal differentiation/survival.
Adult Neurogenesis and Social Factors
The finding that subordinate naked mole-rats have more new neurons than breeders contrasts previous reports on neurogenesis and social rank. In fish, birds, tree shrews, primates, and traditional laboratory rodents, subordinate individuals have reduced cell proliferation and/or neurogenesis in the hippocampus (Gould et al., 1997; 1998; Yap et al., 2006 Czeh et al., 2001 2002; van der Hart et al., 2002; Kozorovitskiy and Gould, 2004; Pravosudov et al., 2005; Simon et al., 2005; Czeh et al., 2007; Thomas et al., 2007; Van Bokhoven et al., 2011; Maruska et al., 2012) . Though extrahippocampal neurogenesis has received considerably less attention, what few studies have been done report that status-associated differences are not observed in the BLA (Mitra et al., 2006) or SVZ (Czeh et al., 2007) . It has been suggested that stress induced by contact with dominant conspecifics, and concomitant elevations in circulating glucocorticoids (GCs), suppress subordinate neurogenesis across vertebrates, resulting in behavioural inhibition (Thomas et al., 2007; Lehmann et al., 2013) .
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The present results suggest that this relationship may not hold for the naked mole-rat.
Unfortunately, we did not measure the stress response in these animals. Previous studies on social status and the stress system in this species have yielded inconsistent results, with subordinates having higher cortisol in one study (Clarke and Faulkes, 1997) but not in others (Clarke and Faulkes, 1998; Clarke and Faulkes, 2001) . Moreover, instead of displaying the depressive-like behavioural profile typically associated with chronic stress and low levels of neurogenesis (Gould et al., 1997; Fuchs and Flügge, 2002; Thomas et al., 2007; Liu et al., 2008; Taliaz et al., 2009; Snyder et al., 2011; Pinheiro et al., 2013) , subordinate naked mole-rats are highly active, participating in burrowing, foraging, colony defense, and pup care (Sherman et al., 1991) . These departures from the typical dominant/subordinate dynamic are not necessarily surprising. Naked mole-rat social organization, comprised of relatively stable hierarchies maintained by reassertions of status from dominant individuals as well as potential subordinate coping outlets (e.g., close proximity to kin), differs from the artificial dominance hierarchies and winner-loser couplings that have been highlighted in prior neurogenesis research. The status system and social organization of the naked mole-rat more closely resembles that of other cooperatively breeding species, in which dominant individuals have equivalent or higher basal GCs than subordinates (Creel, 2001) . In addition to a potential role for GCs, elevated oxytocin production or output in subordinates (Mooney and Holmes, 2013 ) may stimulate neuronal growth, protecting against the suppressive effects of stress on hippocampal plasticity (Leuner et al., 2012) . If GC levels truly do differ between dominant and subordinate naked mole-rats, our results may reflect a biphasic effect of stress on naked mole-rat neurobiology (Joels, 2006; 2007) . In short, mild and/or predictable stress (as experienced by subordinate individuals periodically exposed to breeder aggression) may serve to stimulate adult neurogenesis (E.g., Parihar et al., 2009; Lyons et al., 2010) , while severe and chronic stress (as experienced by breeders inciting aggression to maintain dominance) may suppress it. Alternatively, if basal GCs do not vary with status, the present results may stem from status-related differences in GC responsiveness. Accumulating evidence suggests that hippocampal neurogenesis regulates stress reactivity at endocrine and behavioural levels, with reduced neurogenesis in the adult DG linked to stress-induced GC hypersecretion and depressive-like behaviour in mice (Snyder et al., 2011) , as well as high GC responsiveness and cognitive/behavioural inflexibility in fish (Moreira et al., 2004; Ruis-Gomez et al., 2011; Johansen et al., 2012) . Future studies should determine whether this pattern extends to the naked mole-rat, and clarify the relationship between status and the stress system in this species.
In addition to status-related stress, the neurogenic capacity of breeding and subordinate naked mole-rats may reflect differing levels of behavioural plasticity. While subordinate naked molerats retain the ability to transition social status throughout life, the switch to breeding status does not appear to be reversible, with breeders typically retaining their status until death (Jarvis, 1991; Buffenstein, 2005) . In addition, subordinate naked mole-rats respond flexibly to conspecifics, tailoring their behaviour to the relative status of their interaction partner and displaying avoidance/accommodation during encounters with high ranking animals versus assertive behaviour when faced with animals of lower status. Behavioural responding in dominant animals is comparatively rigid, with dominance or aggressive behaviours expressed in the majority of social encounters. Indeed, queens and breeding males display more pass-over behaviour than subordinates and initiate the vast majority of shoving in-colony (Clarke and Faulkes, 1997; 1998; . As subordinates must continually navigate and respond appropriately to the changing social hierarchy, it is possible that social memory demands are greater for subordinates than breeders, necessitating a higher capacity for learning and memory formation, faster extinction of old memories, and an enhanced ability to detect and internalize cues conveying the sex, status, and health of conspecifics. Adult-born neurons have been tied to each of these functions (Saxe et al., 2006; Mak et al., 2007; Deng et al., 2009; Feierstein et al., 2010; Leuner and Gold, 2010; Noonan et al., 2010; Pan et al., 2013) as well as social recognition processes (Mak and Weiss, 2010; Oboti et al., 2011) , and so may serve to meet the greater social memory demands faced by subordinate naked mole-rats.
As behavioural and neural plasticity is greater in juvenile than adult members of diverse vertebrate species, the high neurogenic potential of subordinate naked mole-rats may also be a reflection of life stage. Subordinate naked mole-rats are reproductively quiescent and remarkably monomorphic (Faulkes et al., 1990a; 1991; Jarvis, 1991) , and subordinates display a prepubertal phenotype regardless of age. Given that studies on humans, nonhuman primates, and other rodent species have demonstrated dramatic declines in neurogenesis between the juvenile period and adulthood Barker et al., 2005; McDonald and Wojtowicz, 2005; Ben Abdallah et al., 2010; Knoth et al., 2010) , the greater neurogenic potential of subordinate naked mole-rats may reflect life stage rather than status, per se. Alternatively, as breeders in the present study were older on average than subordinates, the status differences observed may be a function of age. Though a regression of age on DCX expression within breeders was not significant, future studies should clarify whether low neurogenesis among breeders can be attributed to declines in neurogenesis with advancing age (Kuhn et al., 1996; Kempermann et al., 1998; Gould et al., 1999; Enwere et al., 2004; Barker et al., 2005; McDonald and Wojtowicz, 2005; Rao et al., 2005; Olariu et al., 2007; Ben Abdallah et al., 2010; Knoth et al., 2010) , impaired negative feedback control of GCs (Sapolsky et al., 2002) , or an age-related increase in neurogenic vulnerability to psychosocial stress (Simon et al., 2005) .
While breeder-subordinate differences in neurogenesis were seen in multiple brain regions, the effect of housing condition on the subordinate brain was region-specific. In line with prior research indicating that social factors, such as mating experience and opposite-sex chemosensory cues affect olfactory neurogenesis in adulthood (Smith et al., 2001; Baudoin et al., 2005; Mak et al., 2007; Larsen et al., 2008; Oboti et al., 2009; Corona et al., 2011) , DCX expression in layer II of the PCx was highest in subordinates that were removed from their natal colonies and paired with an unfamiliar, opposite-sex conspecific. This is the first study to date to examine the relative contributions of mating experience and opposite-sex social/chemosensory stimulation to neurogenesis in the PCx; our results suggest that neurogenesis in this region is predominantly regulated by chemosensory exposure. By contrast, the effects of mating experience, gestation, parenthood, and status-associated fluctuations in gonadal hormones appear to be negligible, as DCX expression did not differ for intact and GDX opposite-sex paired animals.
DCX expression within the BLA was noteworthy in that this was the only brain area to show a sexually dimorphic pattern of staining. Group differences among subordinates were confined to females, with same-sex paired individuals showing higher levels of neurogenesis than oppositesex paired animals. It is interesting to note that the reverse pattern of staining was observed in layer II of the PCx, suggesting that different aspects of social interaction promote neural plasticity in these areas. Given the role of the BLA in fear conditioning and inhibitory avoidance (Maren et al., 1996a; Maren et al., 1996b; Cousens and Otto, 1998; Maren, 1998; Wilensky et al., 2000) , it may be that neurogenesis in this region is stimulated by behavioural or chemosensory cues conveying high status and/or social threat. As female, but not male, naked mole-rats compete for dominant status in the absence of the queen (Clarke and Faulkes,1997; 1998) , aggressive competition and the continuous threat of harm may have contributed to the high levels of DCX expression seen for same-sex paired females. A role for BLA neurogenesis in danger appraisal is consistent with the higher levels of DCX expression observed for subordinate colony members, which are exposed to chronic antagonism by the queen.
Adult Neurogenesis and Gonadal Factors
Results suggest that previously characterized effects of gonadal hormones on adult neurogenesis are reduced or absent in the naked mole-rat. While the low neurogenic capacity observed in breeding females lines up with research demonstrating that queens have higher levels of circulating progesterone than same-sex subordinates (Zhou et al., 2013) , low DCX expression did not extend to females given the opportunity to transition status. Both groups were exposed to an environment conducive to reproductive activation, yet neurogenesis was higher in the DG and
PCx of intact opposite-sex pair housed females compared to queens. Furthermore, DCX expression was comparable among intact and GDX opposite-sex pair housed subordinates. The apparent independence of adult neurogenesis from gonadal factors in this species is intriguing, and corresponds with prior reports that status related changes in naked mole-rat brain morphology are not reversed by long-term gonadectomy (Holmes et al., 2011) . Findings also line up with research demonstrating that the impact of gonadal status on hippocampal neurogenesis is dictated by the duration of time a rodent has been deprived of normal circulating levels of gonadal hormones. As ovariectomy in traditional laboratory rodents suppresses hippocampal cell proliferation in the short- , but not long-term (Tanapet et al., 2005; LaGace et al., 2007) , it is possible that ovariectomised rats and reproductively suppressed naked molerats maintain high levels of hippocampal neurogenesis via compensatory mechanisms, such as extra-gonadal estrogen production. This possibility is supported by reports of adrenal estradiol synthesis in female naked mole-rats, and comparable concentrations of plasma estradiol among intact breeders, GDX breeders, and subordinates (Zhou et al., 2013) . While it may be that estrogen mediates socially induced changes in SVZ-derived neurogenesis (Smith et al., 2001) , it is also possible that extra-gonadal hormones such as prolactin regulate neurogenesis in the PCx and BLA (Mak et al., 2007) . Future work will clarify whether our failure to detect an influence of gonadal factors on adult neurogenesis reflects extra-gonadal sources of regulatory hormones or hormonal insensitivity.
Conclusion
Collectively, these data show a striking effect for social, but not gonadal, status on the regulation of neurogenesis in the eusocial mammalian brain. While the origin, maturation time, and ultimate fate of adult-born cells in naked mole-rats is not yet known, it is clear that neurogenesis in this species is highly sensitive to the social environment. Given the observed effects of social experience on neurogenesis, and the remarkable behavioural diversity and plasticity exhibited by this species, the naked mole-rat will help us understand the relationship between adult neural plasticity and social behaviour in mammals. 
